PAPER AAS 95-366

ATAA

<C§§STRONAUTICAL @
> SOCI E-I-Y
AN ANALYSIS OF THE

TOPEX/POSEIDON OPERATIONAL ORBIT:
OBSERVED VARIATIONS AND WHY

Raymond B. Frauenholz
Ramachandra S. Bhat
Bruce E. Shapiro

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

Robert K. Leavitt

Sterling Software, Inc.
Pasadena, California

AASAIAA Astrodynamics
Specialist Conference

HALIFAX, NOVA SCOTIA, CANADA 14-17 AUGUST 1995

AAS Publications Office, P.O. Box 28130, San Diego, CA 92198

——

—
—_

|



An Analysis of the TOPEX/Poscidon operational Orbit:
Observed variations and W'hy '

R. B. Frauenholz', R. S. Bhat” and B. E. Shapiro®
det Propulsion Laboratory, California Institute of Technology, Pasadena, Ca.

R. K. Leavitt,”
Sterling Software, Inc.. Pasadena, Ca
Introduction

Following its launch on 10 August1992, TOPLEX/Poscidonbegan and continues a very successful
global study of the earth’s ocean circulation using ii combination of dual-frequency radar altimetry and
precision orbit determination. Having recently completed the primary [href-year mission, this joint project
of NASA and the French Space Agency CNES (Centre Nation al d’Etudes Spatiales) has now begun a three-
ycat extended mission phasc.

Precision orbit determination (POD) performed by the Goddard Space Flight Center (GSFC) using
laser ranging measurenents and data acquired by the CNES tracking system DORIS (Doppler Orbitography
and Radiopositioning Integrated by Salclhlc) defines radial position relative to the gcocenter to an
u nprecedented accuracy of -5 cmrms.' The POD resu lts arc utilized here to reconstruct the operational
otbithistory in terms of precise classical mcan elements Is. This paper describes the method used to compute
mean clements, cstablishes their accuracies, and identifies the major perturbing forces affecting (heir
vanalionand the 1 O-day repeal groundtrack.

Operational Orbit

Larly TOPEX/Poscidon mission and orbit design investigations by Frautnick and Cutting® identified
the mcd foraccurate control of an exactly repeating satellite grou nd tr ack to meet science objecti ves.
Farless 'laterdefined a detailed orbit design space from which the operational orbit was ultimately sclected.
The reterence orbit provides an exactrepeat groundtrack coveting 12-/ orbits over 10 sidereal days, phascd
to also overfly two veritication sites to facititate altimeter calibration activitics during the first six months.

Thereference mean clementspresented in ‘Table [ provideit near-ci{ cular frozen orbit at a mecan
altitude of -1336 km and an inclination of ~66 deg. Use of afrozen orbit restricts the variation in orbit
cocentricity and argument of periapse to limit satellite altitude variability for enhanced altimetry
perfonmance, while also climinating the need for dedicated mancuvers [o control these parameters. The
semimajor axis a, and inclination £, define a reference ground track with a lo-day repeat cycle and precise
overflight of the altimeter verification sites. This tuning process requires a 20x20” gravity field to provide a
ftozenorbit, defined by the mean eccentricity co and argumaent of periapse @, values listed in Table 1.

Table 1. Reference Mean Elements arid Orbit Determination Requir ements for the Operational Orbit

Orbital Paramctcm o Reference Value 36 Orbit Determination Requircment
Semimajor AXis a, (km) 7714.42938 1 meter
Inclination ¢, (dcg) 66.0408 0.1 mdeg
becentricity ¢, (ppm) 95 S ppm
Argument ol Periapse @, (deg) 90 20 deg .. -

Periodic orbit maintenance mancuvers (OMMs) adjustthe mean scmimajor axis to keep the ground
tuackwithindlkm of the repeating refercnee ttack in the presence of all perturbations, while also ensuring
that other orbital parameters remain within required imits. Maintainings< ().(K) 1 provides desired orbital
altitude control; usc of a {rozen orbit assures the mean cceentricily remainsan order of magnitude smaller
without dedicated maneuvers, Inclination variations of~3mdeg about the reference mean value j, assures
required ground track control without thc need for inclination corrections. Y ffective ground track control
requires an accurate mecthod of computing these mean orbital parameters.

The research described in this paper was carried out by the Jet Proputsion Laboratory, California Institute of Technology,
wider contract with the National Acronautics and Space Administration.
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Mean Orbital Flements

Guinn® developed an osculating-to-mean clement conversion technique consistent with the stringent
41 -km ground track control requirements. Guinn’s conversion method allows temoval of all central body
renal, sectorial, and tesseral harmonics, second-older J .. and third-body perturbations suing over a
specificd time interval, Usually, longitude-depen dent gravity terms lead to periodic effects which average
to ncar-zero over a day.  However, such cancellation does nottesult when the satellite mofion is ncarl y
commensurate with carthrotation as occurs when the satellite orbittepeatsrelativetothe relating carth.
Instead, resonances arise when the satellite completes B nodat periods whi le the carth rotales o. times
relative o the precessing sateltite orbit plane. The TOPEX/Poscidon ground track repeals every 127 orbits
over - | () days, so [¥o.= 127/10. Gravity terms that arc near- mull iples ofthis{¥o ratio contribute secular
forces. Thefitst - and second-mlcr near-resonan( terins arc included in truncated13x13 and 26x26 gravity
fields. The importance of these near-rcsonan[ terms (o osculating-to-mcan clement conversion depends on
the specific accuracy requircments.

Semimajor axis accuracy is of primary importance to cifective ground track control. The required
determination accuracy of onc meter (3c) is provided by the GG SEFC Flight 1D ynamics Facility (FDF) using
one-way Doppler acquired via the NASA Tracking and Data Relay Satcllite System (TDRSS).> The 36
accuracy requirements placed on the FDF for determination of cccentricity e, incli nation i, and argu ment of
periapse o arc listed in “1'able 1.

Fig.tdescribes the osculating-to-mean clement conver sion accuracy as a function of gravity field
size while removing all periodic gravitational perturbations acting over 10 days, the duration of onc ground
track repeal cycle.  Accuracy is measured relative to a “truth” eravity model. defined from a 26x26
tuncation of the 70x70” JGM2 modelobtained by pm-launch POD.Uscolthistruthmodelincludesthe
clfects of second-order resonances. The semimajor axis requires a 20x?0 gravity licld toreduce mean
clement computational errors to a negligible level, whereas the other or bital parameters achieve satisfactory
accuracy using smaller gravity ficlds (Fig.1 b).

1 6@ __ ’S;EOS T e e - p— — SE-6
3 —A&---Argument of P'eriapse (Scale at Inefiy
Eoa . o 46
’E-S\ (§ —O-—Inclination (Scale at Left) 'g
Z &g —O-—Lccentiicity (Scale at Righy) ﬁ-:{]i-(, =
5 g | ' IS P
5 < SR BS IS
X 502 - IR 2E-6 3)
‘Z 1t ;
A= USSR s
D g Y
Z0 (b)
- — ———t—-—¢ <00 S —t ~ 0140
10 12 14 16 18 20 22 24 26 10 12 14 16 18 20 22 24 26

Gravity Field Size (n x n) Gyavity Field Size (n x n)
Fig. 1. Mean Element Computation Accuracy Relative to 20x26 Gravit y Field
(Includes Removal of Third-Body Gravity Perturbations over 10 days)

To measure long-tes mstability characteristics of the mean clement conversion process, mecan
semimajor axis values were computed every 28 min (about ever-y quartcrorbityfrompPOD ephemerides
(POES) for the 20-day period from 31023 March 1994 (repeat ¢ yeles 54 and 55).Fig. 2 compares the mean
semimajot axis values obtained using 2x2, 10x lo,” 13x 13,1 7x 17, and 2 0x20 gravity field sires with values
obtained from the 26x26 “truth” model. The differences of cach case. fromthc truth arc consistently
unbiased across the 20-day comparison interval with a periodicity similarto the 10-day ground track repeat
cycle. Fig. 2(a) comparcesthe osculating scmimajor axis withthe mean values obtaincd by removing carth
oblatencss present in the 2x2. gravity terms.  The osculating values vary + 7.2 ki about the truth mean,
whereas the amplitude of this variation reduces to £80 melers by removing oblateness.  Removing
perturbations of the lox 10 gravity field reduces the amplitude to 43.6 meters. The amplitude of the
computational errors drops 10 4130 cm by removal of the first-order resonances present in the 13x 13 gravity
ficld. The error envelope reduces further to 4.33 cm by increasing the gravity licld to 17x17, and to a
negligibly smalld1cmusing the 20x2.() gravity field,
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Fig. 2. Mean Semimajor Axis Computation Accuracy Relative to 26x26 Gravity Field
(Removal of Geopotentialand ‘1'bird-hdy Gravity Perturbations Acting Over 10 days)

The results presented in Figs. | and 2 indicated removal of all perturbations presentin a 20x20
gravity ficld acting over 10 days provided stable values of the mean semimajor axis. Fig. 3summarizes the
cffects of removing these perturbations over periods less than 10 days. In Fig. 3(a), removal of
perturbations acting over just one orbital period (--1 12 rein) results in mean semimajor axis computational
errors of # 3 meters.  Removal of these perturbations over one, three, and five days shown in Fig. 3(b)
reduces these errors 104 20 ¢m, 4 10 cm, and to identically zcro, tespectively. Further review of the
osculating semimajor axis presentedinliig. 1 reveals two sinusoidal rends, each with a lo-day period, but
out of phase by 180 deg. Thisbchavior allows mcan scinimajor axis for this orbitto be accurately
determined by removing centraland third-body perturbations with periods thatare any multiple 01 five
days. FFor convenience, | () days has been sclected to synchroni ze with the ground track repeat frequency.

4 [ I revay 1 dayavg ] Y X WE;:I dayavg - 3dayavg —— Sdayavg I
gz‘ ] : ) 'é L
LY
i Ly f ]
v 0l-- i v, L.
Z 0 < 0

& 0.1

2 15
7 !

4 - + -4 S e A g e g — -03 e e 1 R S R A

3 9 11 13 s 17 19 21 23 3 R 9 11 13 1S 1719 21 23
March 1994 March 1994
Fig. 3. Lffect of Perturbation Removal Interval on Mean Semimajor Axis Computation
Accuracy for 20x20 Gravity Field ( Includes Removal of Third-Body Gravity Perturbations)
200'-——I Lunat + Solar Gravity l‘:f}i((l_LAllla_r Ciavity Effect

~ loo-|

E

<

< 0

=

B 100

200 t t t t t 1 t + t
3 s 7 9 11 13 15 17 Ly 21 23
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The individual cffects of lunar and solar gravity on the computational accuracy of nHicall semimajor
axisare presented in Fig. 4. The reference for comparison is computed by removing central (20x20) and
third-body gravitational perturbations acting over 10 days. ignoring the third-body perturbations results in
mean semimajor axis errors as large as 1 150 cm for theintervalshown.  FHowever, these comparisons
indicate that lunar gravity is by far the dominantforce.

Based on theforegoing analyses. mcan orbital elements for TOPEX/Poscidon arc computed by
removing all central and third-body perturbations acting over 10 days. Usc of a 20x20 gravity ficld
providesthe one-sigma mean clementcomputational accuracies listed in Table 2.

Table 2. Mean Orbital Element Com putational Accuracies

Orbital Parameters Reference Value Io(‘()mpulauonal Accuracy
Scmimajor Axis a. (km) 7714.42938 13 cm
Inclination i, (dcg) 66.0408 0.5 mdeg
Lceentricity e, (ppm) 95 7 ppm
Argument of Periapse @, (deg) . 90 __ 9deg -

Semimajor AXis

Pre-launch studies ® indicated ground track control could be effectively provided by periodic removal
of accumulated scmimajor axis decay caused by along-track forces duc almost entirely to atmospheric drag.
Therate 01 semimajor axis decay 01” this near-circular orbit was ¢xpected 10 depend primarily on the 81-day
mean Ijp7 solar flux.'” Atlaunchin August1992,the mcan solar fiux was ~125x 107 waus/m/Hz and has
steadily declined as the minimum of solar cycle 22 approaches, currently expected in late 1996.

The semimajor axis decay rate induced by drag (Eqg.1) is primarily a function of tile solar fluxlevel
and the sale.iiitc area-(mmass ratio (A/m). TOPEX/Poscidon uses sinusoidal yaw steering and fixed yaw
control modes 10 maintain nadir pointing for altimetr y and to keep the large 28 m* solar array (SA) pointed
near the sun for power management. While executing these attitude control strategies, the satellite arca
pm|cucd in the along-track direction. and affecting drag, var ics continuously between the extremes of ~9

m” and --'22 m’. As a result, the A/m of the 2406-kg satcllite varies bet ween -().004 and -0.009 m 7kg.F ig.
5 shows the scmimajor axis decay ratc as a function of the 81 -day mean solar flux for these (wo Alm

extremes. For solar flux levels less than - 125 experienced by TOPEX/Poscidon, the decay rates duc to drag
ar¢ gene.taiiy low, varying between - 1and -7 cnvday.
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where p =-atmosphericdensity, primarily a functionsolar flux
Cy=satellite drag coetticient
A/m = satellite area - 10- mass ratio, varies with yaw control modc
Jt==central body gravitational constant (1)
a = orbitmean semimajor axis
o, : carth rotation rate

{ - orbit mean inclinavon
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Obscrved Semimajor Axis

I'ig. 6 shows the mean scmimajor axis history after achieving the operational ot bitin September 1992
until just priot 10 OMMS8 on 22 May 1995. Each of the cight OMMS  raised the scmimajor axis above the
reference value a, (‘Table I) 1o [ever-sc the satellite ground track westward and thereby remain withinthe # 1 -
km control band (shown fater in Fig. 20). This process requires mancuvers on the order of 3to 4 mm/s
applied in the along-track direction (note that dV/dea = 0,466 miw/s per meter for this orbit).

The expected monotonic decay in semimajor axis wasnot always observed. Instead, the semimajor
axis somelimes increased, suggesting the presence of additional along-track forces, now confirmed to have
body -fixed origins.’ Although a credible physical modclfor their behavior remains to be more fully
developed, these body-fixed forces arise from the combined effects of solar radiation, thermal gradicnts,
and molecular outgassing, produced mostly by the laige SA, particularly during a fixed yaw mode These
persistent forces cause cither orbital boost or deboost, depending on the satellitc yaw control mode. *
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Fig. 6. Mean Semimajor Axis History Based on POD and 20x20 Gravity Field

Shottly before launch, a plan was adoptedto usc a pitch bias o off-pointthe sA from the solar-
normalto limit peak battery charge currents during cach exit from carth occultation. I-he usc of a pitch bias
{currently 54 deg) effectively regulates battery perforiance, but radiation forces normal to the SA arc not
along thesunline as originally planncd and reflected throughout navigation software. As arcsult, sizable
unplanned atong-tracklorces accumulate; the magnitude and direction depend on the specific yaw control
mode. These body-fixed forces can cither offset or add to the ever-present decay in semimajor axis induced
by atmospheric drag. Estimates of these forces and an cffective prediction model were nceded to more
confidently monitor semimajor axis behavior andta maintain the satellite ground track.

Atmospheric Drag and Body-Fixed IF'orces

The combined effects of atmospheric drag and the body-fixed forces on semimajor axis have been
cffectively estlmated from daily quick-look orbit determination solutions bascd on precisc laser ranging
mcasurements.® A byproduct of this process is the total once/rev along -tracknon-gravitational acceleration
from whichthctotal rate of change in scmimajor axis can be casily computed.” Isolation of the bociy-fixed
forces then requires removal of the drag contributions.  The integrity of (his process depends on the
accuracy of the atmospheric density model, and this always raises reasonable concern. Opcrational
navigation (asks reported her-c have been performed using the Jacchia-Roberts "' (JR) density model. Drag
forces compulcdwnh the JR density model arc compared with those predicted by the Drag Temperature
Model "(1D TM), although ncither model reflects flight data at the TOPEX/Posci don altitude.

The yaw steering period from 6 March to 24 April 1994, i ncluded in Fig. 6, shows the semimajor axis
generally exhibited the intuitive monotonic “drag-like” decay behavior; the net decay rate was -1 1.7
cm/day. Fig.7shows daily quick-took laser ranging estimatcs of the total decay ratcductoallnon-
gravitational forces varics with the 8" angle, + varying between - 1 0 and -15 cnvday. 1 lowever,the decay rate

An along-track acceleration of one nanometer/sec” induces a rate of change in semimajor axis of 18.5 cm/day

B is the angle between the orbit plane and the geocentric direction to the sun.



induced by atmospher ic drag alone is muchless. varying between -2 and-5 cm/day for both b IL” TR and
DTM density models, as the 81 -day mcan solar ux steadily dropped from -100” to ~80. Removing the drag
effects 1’10111 the total decay rate provides estimates ol the b(xly-fixed contribution. in ibis example, the
Imdy-fixed and drag-induced forcesareof similar magnitude atlower values of i, whereas the body-fixed
forces dominate athigher 7, especially when the orbitis inful | sun ((y > 55.7 dcg).

Fig. & presents the empirical modeldefining changes inmean semimajor axis induced by the body-
{i xed forces The model defines these changes in terims of a polynomial function of the ' angle which has a
periodic variation of - 112 days. The sateliite executes sinusoidal yaw steering outside the nominal limits ot
-15< B < 15 deg; within these 7 limits fixed yaw modes are used. A 180-deg yaw flip maneuver ncatfy’ = ()
deg keeps the SA onthe satellite sunlit side.. Using these yaw’ control modes the body -fixed forces cause
cither orbital boost or deboost, cither increasing or decreasing the mean semimajor axis. Sometimes the
body-ii xed forces add to the ever-presm deca y duc 10 drag, and sometimes they offset the effects of drag.
In either case, the net effects on the semimajor axis and satellite ground track mustbe determined by
dynamically summing these individual forces.
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Fig. 8. Semimajor Axis Decay Rate dueto Body-fixed Forces

Over the course of the mission, Richter has cvolved theorcticalmodels of the body-fixed forces for
cach yaw control mode using cstimates of satcllitc surface propertics and inflight temperature
measurcments. Differences between the theoretical models and observations arc currently most notable
during yaw steering, especially whilctransitioningto and from full sun whenuncertain sa curling
1esponses induced by thermal imbalances are believed tobethe primary contributors to (tic observed along-
uack forces. Ongoing improvements in the theoretical models may eventually permit [heir operational use
instead of the more complex and tedious cimpirical techniques currently required,  Such modeling
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improvements may simplify flight operations and cventually allow more conlident isolation ol drag
contributions that could lead to inproved density models.

ffect of Body -Iixed Forces on Mean Semimajor Axis and the Satellite Ground Track

The effect of the body.fixed forces on thesemimajor axis andsatellite ground track were assessed
during March 1994 (when 3 > 0) by comparing (wo precision intecgrated trajectorics, one with all known
force models active, the other with only the body-fixed forces wurned oft. Fig. 9 shows the resulting
semimajor axis values; Fig. 10 [nen isolates these effects on the ground track. When all forcemodels ar c
active, the scmimajor axis first exhibits boost, followed by a sustained period of deboost at a nearly-linear
tate of -11.7 co/day. When the body-fixed forces are removed the overall de boostrate drops substantially
to only -4.3 cim/day. This remaini ng force is attributed to just atmospheric drag. Earlier (Fig. 7), the decay
rates duc Lo drag were estimated analytically for both the JR and DTM density models based daily solar
flux obscrvations. Thesce results are also shown in Fig. 9 for direct comparison with the two semimajor axis
deboost trends. The decay due to drag drops from ~5to ~3c¢m/day asthe 8 1-day man solar flux drops
from -I1(K) to ~80 during the comparison period. The average value of -4 cm/day agrees favorably with the
drag cffects estimated from the slope of the semimajor axis, confirming that body-fixed forces and
atmospheric drag arc the primary sources of observed semimajor axis decay.

7,714,432 )
- Estimated SMA D ecay .
[ Rate due to JR Drag P
ey
w 7,714,431 A ' Estimated SMA Decay SR S §
3 [ Rate duc to D TM Drag o
% -
5]
£ &
slape -4.3 cm/day .
; 7.714,430 p-oq------A--mmm -2 8- - BTN NGy - - - - (residual deboost rate “ F-4 3
s after temoving body- 5
= ‘\.. fixed forcesfrom total) o
B £
= 7,714,429 4o - QY - e e e e e ee LT T e R
A stope = -11.7 cm/day «
L Start of Prediction (total SMA dchoost rate) i
7’7)4’428 T s ST S W WD VRIS EREY IS W WAL Y W S P T S T S S S B T - -6
01 Mar 06 Mar 11 Mar 16 Mar 21 Mar 26 Mar 31 Mar  OSApr
94 94 94 94 94 94 94 94
Fig. 9. Itf'feet.s of Body-Fixed FForces and Drag on theMean Semimajor Axis
& 40 _= = .= 30
[ West =
5 0 0 | lwms——————" ez o R T, - @
. "0 " East ~ I quatorial 120 p
R ~ . ] ,:.
S g0 | 132 e .1 o lll(mgll‘ud(. ______ d40 £ &
= Ervor ] S
550 3 o g
= ‘5 80 | 4 ¥ |- =T 0 g 9
- £ 3 = Z
= 3 o
=] <120 | | ommmmmm e 310 .75
E b o W
5 160 [ JTTIEEER oo oeooe 320 g
o Start of Prediction ] x
[£3] 2200 % PR St J' . P . i — { 4t 4 s 4 _30
01 Mar 06 Mar 11 Mar 16 Mar 21 Mar 26Mar 31 Mar 05 Apr
94 94 94 94 94 94 94 94

Fig. 10. Effects of Body-Fixed Forces on the Satellite Ground ‘I'rack

Changesin the satellite ground (rack due 10 the body-fixed forces arc shown in Fig. 10 in terms of

cquator ial longitude differences.

The comparison starts during a fixed yaw mode when the body-fixed




forces induce an orbitalboostrate of -2,() cnvday. When the satellite resumes yaw steering. the body-fixed
torces abruptly change mbothmag nitude andi direction, initially causing a scimimajor axis deboost rate of
~5cm/day, gradual 'y increasing to - | () cm/day as the " angle increases. When these body-1~ xed forces are
turned off the or bital boost forces active at the beginning of the prediction interval cause the ground track
to initially drift castward. Afterresuming yaw steering, the accumulated cffect of removing the deboost
forces causes the ground track to dri ftinereasingly westward. 1 or this example, the neti ntegrated effect on
the satellite ground track becomes significant: - 120 meters after 30 days.

Effect of Solar Radiation Pressure on the Mean Semimajor Axis

Solar radiation pressure has onty modest effects on the semimajor axis and ground track because its
in fluence averages 1o near-zero when the orbit is in full sun (> 55.7 deg); the net effect during occultation
periods is quitc small compared to other perturbing forces. While of secondary interest in this ground track
control problem, the effccts of solar radiation pressure have been included for completencss. Fig. 11 shows
the change in semimajor axis for the six-month period beginning on 1 March 1994. Computeddaily,
differences in thc mean scmimajor axis exhibit periodic behavior with pcak amplitudesless (ban 1 15 cm
The smallest errors occur during peak [3” when the orbit is in full sun; the maximum crrors occur near 3’ =
when the occultation intervals arc greatest.
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Fig. 11. Effects of Solar Radiation Pressure on Mean Semimajor Axis
inclination

The mean inclination angle for the TOPEX/Poscidon reference orbit (Table 1) is a direct byproduct of
the orbit and ground track design proccss described earlier. To maintain the repealing orbitand verification
site overflights, 11 is necessary thatthe inclination remains very close to theieference value (ravle 1).Pre-
launch analyses® indicated that gravitational perturbations duc 1o the sun and moon cause periodic variations
in inclination, expccted 10 vary 4 3.8 mdcg about the reference value. These analyses also indicated that
inclination variations arc negligible for non-gravitational pertur bations such as solar radial ion pressure and
atmospheric drag. The ground track targeting procedure absorbs these inclination variations by suitably
adjusting the meanscmimajor axis to maintain the repeating ground track within 2 Tkm, thereby eliminating
the need for inclination corrections during the (hrcc-year prime mission.

Observed Variations of Inclination

Since firstachicving the operational orbit in September 1992, the observed mean inclination has
exhibited the expect ed periodic variations about the reference value, Duringl992,the peak amplitudes of
these variations were -3.3mdcg and +3.0 mdeg; more recently these amplitudes have shifledpositivelyto
-2.7 mdeg and + 3.7mdeg. These variations arc a combination of several clearly distinguishable periodic
components of 12, 58, and 173 days. I'here arc also very long periodic variations which have bccome
noticcable after three years, butthese amplitudes appear to be quite small. Pr c-launch analyses indicated
that the major componeats are duc to third-body gravitational perturbations. ‘1’able  3liststhe amplitude and
period of thesc per turbations.  ig. 12 shows that the inclination variation about the reference value
corrclates very well with (he. " angle, as dots the amplitude of the periodic componcents. The amplitudes arc
higher wheo the orbit is in full sun (B> 55.7 deg), white the mean inclination is always greater than the
reference value during occultation periods,




Eight OMMS have beenimplemented sinee September 1992, These smaltmancuvers (3o 5 [1)[11/s).
applied in the along -track direc tion to raise scmimajor axis, have hadancghgible effect onthe orbiu
inclination. only unplanned cross-track components could affect inclination, but these velocity magnitude
crrors arc extremely small(note that dV/di = 125 mm/s per mdeg applied normal to the orbit plane).

‘I'able 3. Periodic Inclination Variations duc to the Sun and Moon ( gravitational Perturbations

Perturbing Foree Amplitude (mdeg) Periodof Variation (days)
0.098 12.56
Lunar Gravity 1.325 173.40
0.542 11.72
0.277 8670 .
0.354- 88.93
().660 173.30
Solar Gravity ().582 3402 .00
1.241 58.77 (half of f§")
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Fig. 12. Observed Oibital inclination Angle

The observed or definitive inclination includes variations duc to bothmodcled andunmodeled
perturbing forces. 'The behavior is predictable when u nmodeled perturbations have a negligible cifect.
I'recision trajectory propagation software with aliknown models active was used (o generatca six-month
trajectory beginning | March 1994. "Thepredictedinclination was comparcd over (his period wi(b the

definitive inclination defined by POD.Fig. 1 3 strews inclination differences are quilt small, indicating the
importantmodecls arc wellknown and the resulting inclination variations arc predictable.
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Perturbation Analyses

Fig. 13 established that the observed inclination variations are predictable and attributable to known
modcled perturbations. A detailed analysis established the contributions of cach perturbing force using
precision trajectory softwarc to generate individual trajectories covering the six-month  period beginning |
March 1994 Inclination variations due 1o cach perturbing foree were deter mined by turning i ndividual
models off and comparing the resulting trajectory parameters with the reference case with allmodels active.
The corresponding mean clements were differencedtoisolate inclination variations.

Sun and Moon Gravitational A ttraction

Pre- launch studies® assessed the effect of [bird-txxiy gravitational pertur bations on the satellite ground
ttack from which the inclination variations were also cslablished. Theinitial analysis was conducted
analytically to dctermine the individual cffects of the sun and moon and then verified using precision
i ntegrated trajectorics.

The inclination variations due to lunar gravity arc dominated by the 173-day and 12-day periodic
components (Fig. 14, Table 2). However, closer inspection indicates thal there arc also other significant
periodic variations, Analytical studics cstablished the amplitudes and periods of four distinct components;
two have amplitudes of -0.1 and -0.54 mdeg, with periodsl?.6 and 11.7 days, respectivel y. These two
variations appear as a single perturbation in Fig. 14. Thc amptitude of the 1 7 3-day periodic component is
1.33 mdeg; the other periodic component has an 87-day period and a (). 3-mdeg amplitude.
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Fig. 14. inclination Variations due to lL.unar and Solar (gravitational Perturbations

‘I'here arc five significant periodic components in (tic inclination variation duc tosolar gravity. Thesc
vartations arc synchronized with the B angle (Fig. 14). The dominantcomponent has an amplitude of 1.24
mdeg and a period of 58 days, about half the period of 7. One component has a period of 173 days, - 1.5
times the 37 period, and an amplitude of 0.66 mdeg. Two components have periods of -87 days, or about
three-quarters of the B’ period, with amplitudes 0.35 and 0.16 mideg,respectively. Thefifth component has
aperiod of 9.3 years with an amplitude of 0.58 mdeg. The influence of [his coniponentbecame evident only
aftertwo years of mission operations (Ilig. 1 2).

The size and shape of inclination variations duc (o both thesun and moon arc almostidenticalto the
observed variations (Figs. 12, 14), indicating thesce third-body torces are the primary source of inclination
variations, Between March and August 1994, the mean inclination varied between -3 mdeg and +3.5 mdeg
due to thitd-body gravitational perturbations. The amplitude 01" these variations increases with B7, as some of
the periodic variations increase when 3 is higher.

Iiffects of Solid Iarth Tides and Solar Radiation Pressur e

The tidal forces induced by lunar and solar gravity cause small variations in inclination. However,

these variations become significant when considering the stringent TOPEX/Poscidon ground (rack control
requirements. ‘The tidal effects arc almost an order of magnitude smaller than the third-body  gravitational

perturbations, but the signature is almost identical and a strong {unction of the 8 angle. Fig.1 5 shows the
magnitude of the tidal effects viii-ics between -().4 and -t 0.3 mdeg between March and August 1994,
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The inclination variation duc to direct sofar radiat ion pressure 1s very small, and for ann practical
put poses may be neglected. 1 lowever, these variationsare onl y a tunction of the B angle, shownin Fig. 15
to increase with 7. However, during  full-sun periods the variations remain constant; the magnitude is a
function of the peak 7. The period of variation (56 10 59 days) is ball the ' period: the amplitude was <
(.08 mdeg between March and August 1994,
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Fig. 15, Inclination Variations due to ‘ides and Solar Radiation P’ressure
Other I'orces

Theinclination variations due to non-gravitational forces such as atmospheric drag and body-fixed
fores arc negligible Therotating atmosphere has some effect on inclination, but negligible compared to
variations induced by lunarand solar gravitational perturbations.

Effect of 1 nclination Variations on the Ground ‘I'rack

The deviation of inclination from thereference value affects the ground track in lwo ways. The
equatorial crossing slowly deviates due to variations in inclination. The nodal period is a function of
inclination. A onc-mdeg deviationin inclination changes equatorial crossings by ~280 melters after a 30-
day ground track prediction. " The maneuver targeting process accounts for i nclination-induced variations
in ground track prediction and adjusts scmimajor axis accordingly so thatfuture nodal crossings remain
within the required 1 1 -km controt limit. This process requires predicting the ground track for several
months after cach mancuver (e. g., FFig. 16). However, the signature of inclination variations is clearly
reflected in the ground track, particularly when the mean scmimajor axis is within a few meters of the
reference value (L'able 1). This situation reduces the ground U ack drift rate 1elati ve to the reference [rack,
nominally occurting when the ground track nears the western control boundary (e. g, Fig. 20).
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Fig.16. Comparison of Ground ‘I'rack and Inclination Variations

The inclination crror also affects the overflight accuracy of two verification sites which must be
maintained within 1 1 km. Thelatitudes of both verification silts arc ~35deg N: the NASA site is on
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Harvest Plattorm off Pt Conception, Ca. the CNES silt 1s near La mipedusa [sland in the Mediterrancan
sea. Lhe varanons Inncynation L7 :his, o anortsetm the ventication site overthight even i there 1s no
difference between the actual and reference nodal crossings. ‘The sensitivity ol the silt overflightlongitude
to variations in inclination is:

f)l = - sin ,dtvcos? [./cosu,
7

where 1. = longitude of verificatton sie with respect to the ascending node
1y, = argument of latitude (w+ /) (2)
singy = sinuy sint

¢y = latitude of the veritication site
Forthe CNES verification site, 01/di = 74 nvmdeg.
Eccentricity Vector and the Frozen Orbit

Following launch on 10 August 1992, 4 six-maneuver orbit acquisition scquence” lasting 42 days
placed TOPEX/Poscidon in the operational orbit (-I'able 1), including achieving frozen orbit conditions.
usc of a frozen orbitlimits variations inthe argument of pertapsc and eccentricit y, resulting in reduced
variability in orbital altitude for enhanced altimetry performance. Also, the frozenorbiteliminatesthe need
for dedicated maneuvers 10 maintain these cecentricity vector (¢ @) parameters.

Frozenorbit conditions arc realized throu gh the balancing of the secular perturbations of (he even
renal harmonics with the long-period perturbations of the odd zonal harmonics.*  Physically, the frozen
orbil is typically attributed to the cancella tion of J, pertur bations duc to the carth’s oblateness, ™'
Deviations from this ideal steady statclcad o closed curves in the (C,(0) phase plane. These curves can
remainnearl y closed even under the tnflucnce of non-gravitational perturbations such as drag and solar
radiation pressure. For maost frozen orbits, including TOPEX/Poscidon, the periapse is frozen at 90 deg, ™
and the cccentricity is very low (<190 ppm).

The cceentricity vector conditions achicved by the orbit acquisition sequence were ¢= 142.9 ppm and
®=90.6 dcg, compared 10 target values of ¢=95 ppm and w:-90decg (Table 1). The closed eccentricity
vector contour shown in Fig. 17 describes the expected behavior when perturbed only by a 20x20 gravity
ficld. This contour moves counterclockwise about the design point @ =90 deg and has a period of 26.74
months.”” Observed values ol (e,w) showninFig.17 have been separated into groups following cach
OMM. While these groups generally follow the expected counterclockwise movement of the frozen or bit, it
is otherwise difficult to observe more detailed icatures which niay be caused by cach OMM, or attributable
to perturbations other (ban carth gravity.
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KFig. 17. Observed Eccentricity Vector (g ) Compared to the Pr edicted Frozen Orbit

The achieved mean cecentricity and argument of periapse arc compared over time with the expected
frozenvalues in Figs. 18(a) and (b), respecuvely. This examination reveals howthe OMMshaveaffected
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the observed ¢ and o variations.
original predicted frozen values. Hov

P

[

ver, when the frozen piredi

Clions we u

Fig. 18(a) shows the observed mean eceentricity deviates from the

pdated following cach OMM

using current estimates of ¢ and o, the agreement with obscrvations is considerably better. The same
general behavior is evident for the argument of periapse (AOP) shownin Iig. 18(b).
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Fig. 18. Kffects of Mancuvers on the Eccentricity Vector (¢, 0) Parameters
(i) Mean Eccentricity, and (b) Mean Argument of Periapse (AOP)

The maximum deviations of the observed (c,@) values Irom the updated frozen predictions corrclate
very wellwith 3" angle variations, as shownin Figs. 18(a,b). During periods of peak ° when the orbitis in
full sun, the observed mean cccentricity is always less thanthe frozen value (f” > ()); this trend reverses
when 87 < (), This behavior is caused by solar radiation pressure, as shown in Fig. 19 for the six-month
period beginning 1 March 1994 For the three [i” cycles included in this sample comparison, the mean
cceentricity difference exhibits the same B'-dependent behavior.  The argument of periapse exhibits
maximum dcviati ons from the updated frozcn values near [ = () when solar radiation pressure has the
greatest effect during the longest carth occultation intervals.

The frozen orbit has been maintained throughout the three-ycar prime mission without requiring
dedicated mancuvers. However, every cffort has been made 1o not increase the mean cecentricity when
performing cach OMM. While mancuver burns arc constrained (o occur over tand o Hmit altimetry outages
which could result from possible attitude disturbances, locations near an orbit node (usually mid-South
Amecrica) have allowed mean cccentricity to be slightly reduced, or to remain unchanged. The two
exceeptions were Tollowing OMM4 and OMMSE exccuted near orbit periapse over northern Canada and
castern Russia, respectively, (o satisfy satellite pointing constraints during turns to the burn attitude. These
two mancuvers increased the post-mancuver vatues of the mean cceentricity, as shown in Fig, 18(a).
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Variations in cccentricity (Ae) also affect equatorial crossings of the satellite ground track through
variations in true anomaly (Af). For a near-circular orbit ¥ =2Ae sinM, wheremis the mean anomaly.’7 A
typical eccentricity error of -10 ppm would cause a maximumAf =2x 107 radians, equivalent to a
cquatorial crossing liming crmr Ar = Affn= 22 ms. The amplitude of the corresponding equatorial longitude
error AA = w,Ar= 10 m. ‘Thislongitude error systematically oscillates with expected variations in the
argument of periapse.

Ground Track History

As of 13 July 1995 the satellite had completed 13,116 orbits since first achicving the operational orbit
on 23 September 1992, of [his total, only 95 ascending nodal crossings (- 0.7%) have been outside the
+1-km ground track control band, and these violations were voluntary to provide additional analysis time to
better characterize the behavior of' the body-fixed forces before cxecuting OMM | on 12 October 1992, A
total of seven additional OMMS have been cxcculed since (hen, cach designed to provide the maximum
practical spacing between maneuvers. As can be seen from Fig. 20, the mancuver spacings have generally
increased, the spacing between OMM7 and OMME being the largest al 22S days. Mancuver spacing and
placement have sometimes been cnhanced by modifying the nominal 7 angle values governing entry into
and out of the fixed yaw modes, ** This stratcgy utilizes the large body -fixed forces during fixed yaw to
alter the duration of orbital boost or deboost forces to slowly adjustthe mean semimajor axis by the desired
amount and (hereby rc.fine. ground track motion.

Izach maneuver has been cxccuted as the ground track approaches the castern control boundary after
the mean semimajor axis had decayed below the refercnce value (see Iéig. 6). The nominalstiategy has
been L0 cxecule each OMM at the next-to-last cycle boundary before the groundtrack would exit the castern
control boundary. This conservati ve practi ce provides an OMM backup oppor tu nit y stillinside the control
band, if for any mason the nominal maneuver dots not occur as planned.

Distinct and important features in the groundtr ack behavior arc the oscillations during the western-
mosttravel between cach OMM. The precisce nature of these oscillations depends on the complex
combination of time-dependentinflucnces of lunar and solar gravity, aunospheric drag, body-fixed forces,
and the current value of the mean semimajor axis, Thelunarandsolar gravity influences becomemost
promincntwhen the groundtiack driftrate slows whenthe mean semimajor axis is within a few meters of
the reference value. Under these conditions [bird-bo(iy gravity forces causc the ground (rack 10 oscillate
without significant net drift. This behavior is mostprominent under low-drag conditions (1j¢.7 = 80),
whercas the third-body perturbations can be somewhat masked when the drag levelis higher (199 > 200).

Summary

The TOPEX/Poscidon operational orbit and resulting ground tr ack behavior have been anal yzed and
cxplained. All accuracy requirciments have been met or surpassed. In paiticular, the operational orbit
deter mination support provided by the GSFC/EDIF using tracking data acquired via ‘1’[)[{SS surpasses
requirements, due primari 1y to improved carth gravity modceling accuracy notreflected i n pre-launch
planning (“L'able 4). Mean orbital clcments computed from FFDE orbit deter mination solutions agree very
wettwith value.s independently obtained from precision orbit determination results. These man clements
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were very accurately computed (Table 2) and demonstrated excellent stability. “The three most important
orbital parameters are the seminajor axis. inchination, and the ceceniicity vector (e.e). The analysis
showed how semimajor axis must be adjusted to maintain ground track control, whereas the inclination and
cocentricity vector do nof require correclions,

Table 4. Comparison of Achieved Mean Element Accuracies with Pre-taunch Requirements

Orbit Reference 3a Ovha Determination Achieved
) Parameler S ~ Valuc o Requirement 0D Accuracy
Seminugm Axise tkan 7714 47038 RIS < Scm
Inclination ¢, (deg) 66.0408 1 mdeg <1 pdeg
Feeentricily ¢ (ppim) EN] 10 ppm -0.01 ppm
Argument of Latitude at Node @, + f (deg) 0 S mdeg < 1 mdeg

{w /7 is the agunent of latitude. the sum of the argument of periapse and the toe anomaiy

The semimajor axis changes are caused by along-track forces induced primarily by the combined
cffcets of atmospheric drag and body-fixed forces. Atmosphoric dray always causes decay in scmimajor
axis, the rate mostly depends on the 81-day mean Fyg 7 solar flux. The body-tixed forces can induce either
hoost or deboost in semimajor axis, the magnitude and direction depends on the satellite vaw control mode
which systematically varies with the B” angle. Isolation of the drag contributions to semimajor axis
behavior would permit reconstruction of atmospheric density frone which improved density modeling might
he feasible. However, confident separation of semimajor axis behavior into distinet contributions due to
drae and hodv-Tined Torees is prohibitive sinee both arise fron along-track forces,  Unfortunately, these
forces cannol be separated without making certain assumptions about cach force. It was shown that two
representative density maodels. the JR and the DPML provide consisiont resubis, However, this result dogs
not imply that cither model is correct. The density modeling differences are of the same order as the
estination accuracy of the total once/rev non-gravitational accelerations provided by accurate quick-look
Jaser-based orbit determination (-5 ¢ rms, radial position).” Since the total along-track accclerations are
very small {(on the order of one panometer/s?), opportunitics for estimation accuracy improvements may be
fimited without adding tracking measurcments with higher information content.” Also, it may become
possible to improve the prediction model of the body-fixed forces as the understanding of the physical
bchavior improves.

The orbit inclination and cceentricity vector param cters have behaved as expected, and are expected
to behave similarly during the (hree-year extended mission.  Theinclinationexhibits periodic. variations of
13,8 mdey about the reference valuc duc almost entirely tolunarand solar gravitational perturbations.
These (lclcmllinis(i(: perturbations have asignificanteffectonthe salellitc ground track, but arc casily
compensated far whan adinctine the comimaior avie ta con(rol ack. The atricity vee
pr()vlidcs 4 ITozen orbit, limiting variations in the cecentricity 4pd Eﬂgug,rgl:n?f ;)rgr(l;pzchc Xﬁgﬁ;‘;ﬁ"zh\(iﬂ?{
distinct, atbeit small. changesin cecentricity when OMMs were exceuted, even though the maneuver
magnitudes were. only 3to 5 mm/s. Also, eccentricity variationsonthe orderof £20 ppm have. been
observed during orbitfull sun (9> 55.7 deg) duc to solar radiation pressurc.

Future orbit and ground track maintenance are expected 1o continue as before for the remainder of the
TOPEX/Poscidon mission lifetime. Should the satellite remain operational for several more years, expected
increascs in solar activity as solar cycle 23 begins in carly 1997 will increase the importance of atmospheric
drag.  As a result, the spacing between mancuvers may be as often as once every two o threc months,
compared (o about twice annually during the current period of fow solar activity.
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